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We report the magnetic properties of Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O, a high-entropy oxide with rocksalt structure, and
the influence of substitutions on these properties. From the magnetic susceptibility and neutron diffraction measure-
ments, we found that this compound exhibits long-range magnetic order below 120 K despite the substantial structural
disorder. The other rocksalt-type high-entropy oxides with various chemical substitutions were found to host either an
antiferromagnetic order or spin-glass state depending on the amount of magnetic ions. The presence of magnetic order
for such a disordered material potentially provide a route to explore novel magnetic properties and functions.
Akin to the high entropy alloys known for over a
decade1, stabilization of new phases associated with con-
figurational entropy was shown to manifest in oxides with
rocksalt structure2. The first entropy-stabilized oxide
Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O [denoted as (MgCoNiCuZn)O
hereafter] was obtained by quenching the mixture of MgO,
NiO, CuO, CoO and ZnO from high temperatures2. The com-
pound showed a reversible phase transformation between the
single rocksalt phase and multiphase state depending on tem-
perature, indicating the critical role of entropy in the forma-
tion of a face-centered-cubic (FCC) lattice of randomly dis-
tributed 5 cations.
It is likely that similar stabilization can be realized in other
classes of compounds. Indeed, the syntheses of entropy-
stabilized oxides with perovskite3 and fluorite structures4
have been achieved recently. Besides oxides, entropy-
stabilization has been applied to other ceramics such as
borides5 and carbides6. In addition, pioneering efforts for de-
veloping other synthetic methods of these compounds have
already been reported7–9. We wish to underline here that a
reversible phase transformation, similar to the one shown by
Rost et al.2, should be observed if the materials are actually
stabilized by entropy, contrary to formation of a simple multi-
component solid solution.
Shortly after the initial report of entropy-stabilized oxides,
which we call high-entropy oxides (HEOx), we showed that
chemical substitutions onto HEOx is possible, for example
by replacing one of the divalent cations with 1:1 mixture of
monovalent and trivalent ions, which has greatly increased
the compositional space10. These compounds are not only
intriguing in terms of physical or solid-state chemistry, but
also appeared to possess novel functions. For example, the
rocksalt-type HEOx were shown to display colossal dielectric
constant10 and, in the case of alkali-doped compounds, high
ionic conductivity11. They have been also turned out to have
high-capacity for Li-ion storage12,13.
So far, the magnetic properties of HEOx have been barely
investigated14 despite the presence of magnetic ions such as
Co2+ and Ni2+. The magnetic interactions in HEOx are po-
tentially quite complex because of the random distribution
of magnetic ions with different electron configurations, and,
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Figure 1. (color online) X-ray-diffraction patterns of several high
entropy oxides.
at a glance, they are expected to display a spin-glass-like
state as a consequence of strong structural disorder. As op-
posed to such a naïve view, we disclose in this paper that the
rocksalt-type prototypical HEOx, (MgCoNiCuZn)O, exhibits
long-range magnetic ordering in spite of the strong disorder
of cations. Additionally, magnetic ground states of rocksalt-
type HEOx with various compositions were found to be ei-
ther long-range magnetic order or spin-glass depending on the
content of magnetic ions. The magnetic properties of HEOx
can thus be finely tuned by varying their composition.
We have synthesized the series of rocksalt-type HEOx as
listed in Table I. All samples were synthesized from binary ox-
ides and carbonates, MgO, Co3O4, NiO, CuO, ZnO, Li2CO3,
Fe2O3 and Ga2O3. These starting chemicals were mixed in
stoichiometric amounts and then pressed into pellets, which
were heated for 12 h at 1000◦ C in air. Finally, they were
quenched to room temperature.
X-ray diffraction measurements were performed with a
Panalytical X-Pert instrument equipped with incident Ge
monochromator and a copper tube (Kα1) and X’celerator de-
tector. Magnetization measurements were conducted by using
Magnetic Properties Measurement System (MPMS, Quantum
Design) from 5 K to 350 K. The measurements up to 700 K
were performed in MPMS3 (Quantum Design) with an oven
option. Heat capacity measurements were done with a relax-
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Figure 2. (color online) Magnetic susceptibility (M/H) of the HEOx
listed in Table I from (a) to (h) respectively. Lower curves represents
measurements of ZFC and upper curves represent measurements of
FC. Inset shows the inverse of the magnetic susceptibility and a fit-
ting to the Curie Weiss model χ = CT−Θ .
Table I. List of high-entropy oxides studied in this paper. All com-
pounds crystallize in rocksalt structure (Fm3¯m).
Compound (abbreviated) Chemical formula cell par. (Å)
(MgCoNiCuZn)O Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O 4.236
(CoNiCuZn)0.8(LiGa)0.2O Co0.2Ni0.2Cu0.2Zn0.2Li0.1Ga0.1O 4.219
(MgCoNiCu)0.8(LiGa)0.2O Mg0.2Co0.2Ni0.2Cu0.2Li0.1Ga0.1O 4.205
(MgCoNiCuZn)0.95Li0.05O Mg0.19Co0.19Ni0.19Cu0.19Zn0.19Li0.05O 4.219
(MgNiCuZn)0.8(LiGa)0.2O Mg0.2Ni0.2Cu0.2Zn0.2Li0.1Ga0.1O 4.214
(MgCoCuZn)0.8(LiGa)0.2O Mg0.2Co0.2Cu0.2Zn0.2Li0.1Ga0.1O 4.230
(MgCoNiZn)0.8(LiGa)0.2O Mg0.2Co0.2Ni0.2Zn0.2Li0.1Ga0.1O 4.212
(MgCoNiCuZn)0.8(LiFe)0.2O Mg0.16Co0.16Ni0.16Cu0.16Zn0.16Li0.10Fe0.10O 4.219
ation method below room temperature down to 5 K by using
Physical Properties Measurement System (PPMS, Quantum
Design).
The powder neutron diffraction data were collected in the
instrument E6 at the BER II reactor of the Helmholtz-Zentrum
Berlin für Materialien und Energie. We used a pyrolytic
graphite (PG) monochromator selecting the neutron wave-
 2.75
 2.8
 2.85
 2.9
 2.95
 3
 3.05
 3.1
 100  110  120  130  140  150
(MgCoNiCuZn)O
(a)
χ' (
×1
02
 e
m
u/
m
ol
)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
 2.4
 2.45
 2.5
 2.55
 2.6
 2.65
 2.7
 100  110  120  130  140  150
(CoNiCuZn)0.8(LiGa)0.2O
(b)
χ' (
×1
02
 e
m
u/
m
ol
)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
 2.34
 2.36
 2.38
 2.4
 2.42
 2.44
 2.46
 2.48
 2.5
 130  140  150  160  170
(MgCoNiCu)0.8(LiGa)0.2O
(c)
χ' (
×1
02
 e
m
u/
m
ol
)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
 2.5
 2.55
 2.6
 2.65
 2.7
 2.75
 2.8
 2.85
 2.9
 2.95
 3
 80  90  100  110  120
(MgCoNiCuZn)0.95Li0.05O
(d)
χ' (
×1
02
 e
m
u/
m
ol
)
Temperature (K)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
 5.8
 6
 6.2
 6.4
 6.6
 6.8
 7
 7.2
 8  9  10  11  12  13  14  15  16
(MgNiCuZn)0.8(LiGa)0.2O
(e)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
100 Hz
 6
 6.5
 7
 7.5
 8
 8.5
 9
 9.5
 5  10  15  20  25  30  35  40
(MgCoCuZn)0.8(LiGa)0.2O
(f)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
100 Hz
 4.2
 4.25
 4.3
 4.35
 4.4
 4.45
 4.5
 4.55
 4.6
 4.65
 40  45  50  55  60  65  70
(MgCoNiZn)0.8(LiGa)0.2O
(g)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
 4.6
 4.65
 4.7
 4.75
 4.8
 4.85
 4.9
 4.95
 5
 85  90  95  100  105
(MgCoNiCuZn)0.8(LiFe)0.2O
(h)
Temperature (K)
8 kHz
6 kHz
4 kHz
2 kHz
500 Hz
Figure 3. (color online) Real part of AC susceptibility (χ ′) at fre-
quencies between 100 Hz and 8 kHz of the HEOx listed in Table I
from (a) to (h) respectively. The arrows indicate the shift of TF.
length λ = 2.42 Å. The diffraction patterns were obtained be-
tween 1.7 and 150 K in the scattering angle 2θ ranging from
4.5 to 135.7◦. Rietveld refinements of the diffraction data
were carried out with the program Fullprof15. In the refine-
ment of magnetic structure we used the magnetic form factor
of Cu2+16.
The X-ray diffraction patterns shown in Fig. 1 indicate
that the obtained samples are almost single phase of rocksalt-
type oxides. Previous X-ray photoelectron spectroscopy10,
and electron paramagnetic resonance (EPR)17 measurements
showed that the oxidation states of ions are Mg2+, Ni2+,
Cu2+, Zn2+, Li+, Ga3+, Fe3+ and Co2+ (for undoped sam-
ples). In our current study the Co2+ ion was found to be in
a high-spin state by EPR, which was also suggested by the
electronic structure calculations.18. Thus, the electronic con-
figurations of cations that have a total spin different from zero
are 3d5 (S= 3/2) for Fe3+, 3d7 (S= 3/2 and l = 1) for Co2+,
3d8 (S = 1) for Ni2+, and 3d9 (S = 1/2) for Cu2+, respec-
tively.
Magnetic susceptibility χ(T ) of (MgCoNiCuZn)O mea-
3sured at 1 kOe, shown in Fig. 2(a), displays a Curie-Weiss
behavior on cooling from room temperature, and a cusp was
seen at around Tmag ∼ 120 K. The Curie-Weiss fit at high
temperatures shown in the inset of Fig. 2(a) yields the ef-
fective moment µeff = 2.95µB/f.u. and Curie-Weiss temper-
ature θCW =−245 K. The magnitude of the effective moment
can be accounted for by the presence of 20% of Ni2+, Cu2+,
and Co2+ ions. For Cu2+ ions, the local non-cubic distor-
tion in CuO6 octahedra, discerned by the X-ray diffraction
and EPR studies17, likely lifts the degeneracy of eg orbitals
and produces spin-only S= 1/2 moment (µeff = 1.73 µB/Cu).
In case of Co2+ ions, such distortion was not identified and
the cubic environment should be retained. This gives rise
to unquenched orbital angular momentum and the resultant
spin-orbital-entangled moment in the high-spin state of Co2+
(3d7). The size of magnetic moment for this case depends
on the details of local coordinate like the magnitude of crys-
tal field19. We use the value of effective moment observed in
CoO (µeff = 4.94µB/Co19). Ni2+ ion (3d8) does not have or-
bital degeneracy and gives S= 1 moment (µeff = 2.83µB/Ni).
Thus, the expected effective moment µeff.calc. is, µeff.calc. =
[0.2×(1.73)2+0.2×(2.83)2+0.2×(4.94)2]1/2µB ∼ 2.66µB
which is close to the experimentally obtained value.
Below Tmag, χ(T ) shows a small bifurcation between zero-
field-cooled (ZFC) and field-cooled (FC) curves. On the other
hand, the real part of AC magnetic susceptibility χ ′(T ) dis-
plays a broad peak around Tmag without any frequency depen-
dence as shown in Fig. 3(a). This suggests the ground state
of (MgCoNiCuZn)O is an antiferromagnetically ordered state
rather than a glassy state, despite the large chemical disorder,
and the small bifurcation in χ(T ) that likely originates from a
small amount of impurities or orphan spins near defects.
The presence of long-range magnetic order was corrobo-
rated by neutron diffraction measurements. Fig. 4(a) shows
the powder diffraction patterns above and below Tmag. At
T = 150 K > Tmag, the peaks of diffraction pattern can be
indexed with the nuclear reflections of rocksalt-type struc-
ture (Fm3¯m). At T < Tmag, the appearance of new peaks
was clearly observed. The strongest one at 2θ ∼ 28.8◦ can
be indexed with ( 12
1
2
1
2 ) for the rocksalt-type cubic cell. The
other peaks located at 57.0, 77.6, and 96.7◦ were explained by
the propagation vector q = ( 12
1
2
1
2 ) with respect to the reflec-
tions such as (11¯1¯), (111¯), and (111), (200), respectively (see
caption of Fig. 4). Figure 4(b) depicts the growth of ( 12
1
2
1
2 )
reflection below Tmag = 120 K. The integrated intensity of
( 12
1
2
1
2 ) reflection as a function of temperature shows an order-
parameter behavior below Tmag, suggesting a development of
long-range magnetic order [Fig. 4(c)]. The power-law fit,
a= aot2β where t = |TN−T |/TN20,21, yields the Neel temper-
ature TN = 135(4) K. The diffraction pattern at 1.7 K in Fig.
4(a) was refined by assuming a magnetic structure similar
to that of NiO where ferromagnetically-coupled (111) planes
are stacked antiferromagnetically along the 〈111〉 direction22.
The refinement of the magnetic structure converges satisfacto-
rily, yielding the ordered moment of 0.83(1)µB/cation lying
in the (111) plane [see the caption of the Fig. 4(a) for the result
of refinement].
Although the long-range magnetic order of (MgCoN-
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Figure 4. (color online) Neutron diffraction of (MgCoNiCuZn)O.
Panel (a) shows the patterns of neutrons diffraction at T = 1.7 K and
T = 150 K). Fitting of Rietveld refinements are drawn with black
lines. The difference between the fitting and experiment is drawn at
the bottom. The obtained RF is RF = 0.0135 and RF = 0.0129 for
150 and 1.7 K respectively where RF =
∑ ||Fobs|−|Fcalc||
∑ |Fobs| . For the mag-
netic moment RM = 0.0503 where RM =
∑ ||Iobs|−|Icalc||
∑ |Iobs| . Indexes of
nuclear and magnetic diffraction are indicated in black and blue, re-
spectively. The blue characters indicate the reflections generated by
q =
( 1
2
1
2
1
2
)
M . A indicates the magnetic reflections at 2θ = 56.2 deg
(1¯1¯1)+q, (11¯1¯)+q and (02¯0)+q . B indicates the reflections at
2θ = 76.9 deg (111¯)+q, (1¯11)+q and (11¯1)+q. Finally, C indi-
cates reflections at 2θ = 95.9 deg (002) +q, (020) +q, (200) +q
and (111)+q. Panel (b) shows the evolution of the magnetic peak( 1
2
1
2
1
2
)
M depending on the temperature. Panel (c) shows the area be-
low the magnetic diffraction
( 1
2
1
2
1
2
)
M at different temperatures and
a fitting to a(T ) = aot2β .
iCuZn)O was evidenced in the neutron diffraction, no
anomaly was seen in heat capacity Cp(T ) at TN as shown in
Fig. 5. This fact suggests the strong fluctuation of magnetic
moments. That is, the short-range magnetic correlations de-
velop well above TN, but the disorder and/or magnetic frus-
tration suppress a formation of long-range magnetic order.
The presence of frustration is expected for the FCC lattice
of magnetic ions in a rocksalt structure. Indeed, the ratio of
Curie-Weiss temperature and magnetic transition temperature,
f = |θCW|/TN ∼ 2, points to a moderate frustration.
The canonical HEOx, (MgCoNiCuZn)O, was therefore
found out to exhibit long-range antiferromagnetic order de-
spite the presence of strong disordering of cations. The vari-
ation of rocksalt HEOx can be obtained by replacing one of
cations with, or by adding, the 1:1 mixture of monovalent and
trivalent cations such as Li+-Ga3+ or Li+-Fe3+ as shown in
Fig. 1 and listed in Table I. χ(T ) of these HEOx are shown in
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Figure 5. (color online) Heat capacity of (MgCoNiCuZn)O. Main
panel (a) shows the temperature dependence of the heat capacity (Cp
vs T ) from 2 to 300 K at H = 0 kOe (red) and H = 10 kOe (blue).
The inset (b) shows Cp/T vs T from 125 K to 165 K.
Table II. Summary of magnetic properties of rocksalt-type HEOx.
AF stands for antiferromagnetic order. µeff. calc. represents the cal-
culated effective moment by assuming the effective moment of each
magnetic ions as 5.92µB for Fe3+, 4.94µB for Co2+, 2.83µB for Ni2+
and 1.73µB for Cu2+, respectively.
Compound
Tmag
(K)
Ground
state
µeff
(µB/f.u.)
µeff calc
(µB/f.u.)
θCW
(K)
(MgCoNiCuZn)O 120 AF 2.95 2.66 -245
(CoNiCuZn)0.8(LiGa)0.2O 125 AF 2.76 2.66 -242
(MgCoNiCu)0.8(LiGa)0.2O 155 AF 2.79 2.66 -244
(MgCoNiCuZn)0.95Li0.05O 95 AF 2.58 2.59 -226
(MgNiCuZn)0.8(LiGa)0.2O 10 Spin-glass 1.84 1.48 -335
(MgCoCuZn)0.8(LiGa)0.2O 20 Spin-glass 2.42 2.34 -124
(MgCoNiZn)0.8(LiGa)0.2O 60 Spin-glass 2.7 2.55 -185
(MgCoNiCuZn)0.8(LiFe)0.2O 100 ? 3.01 3.03 -201
Fig. 2(b) to (f). The HEOx containing three magnetic cations
shown in the left column [(b) to (d)] display a cusp in χ(T )
at Tmag ∼ 100−150 K as in (MgCoNiCuO)O, suggesting the
appearance of long-range antiferromagnetic order. χ ′(T ) of
these HEOx [Fig. 3(b)-(d)] show no appreciable frequency de-
pendence near the cusp temperature, consistent with the long-
range magnetic order. The results of Curie-Weiss fit and mag-
netic transition temperatures are listed in Table II. The magni-
tude of effective moments agree with the calculated value as
in (MgCoNiCuZn)O.
On the contrary, the HEOx with only two magnetic ions
[Figs. 2(e)-(g)] display a distinct behavior. χ(T ) shows a
sizable bifurcation between ZFC and FC curves at low tem-
peratures below T ∼ 25 K (see Table II); χ(T ) of the ZFC
curve shows a cusp at Tmag, while that of FC process increases
monotonically on cooling. χ ′(T ) of those HEOx shows a
peak at the temperature where the bifurcation of χ(T ) is ob-
served. The peak temperature slightly shifts to a higher tem-
perature by increasing the frequency of AC magnetic fields
[see Fig. 3(e)-(g)]. These suggests a glassy state in these
HEOx in contrast to the ones with three magnetic ions. The
appearance of glass-freezing can be attributed to the discon-
nected magnetic exchange paths because of the reduced con-
tent of magnetic ions. The isolated magnetic domains likely
give rise to a magnetic cluster-glass behavior.
Fig. 2(h) shows the magnetic susceptibil-
ity of HEOx containing four magnetic ions
(Mg0.16Co0.16Ni0.16Cu0.16Zn0.16)(Li0.10Fe0.10)O [denoted
as (MgCoNiCuZn)0.8(LiFe)0.2O]. Although χ(T ) shows a
similar behavior with the HEOx with three magnetic ions
[Fig. 2(a) or (d)] with a cusp at Tmag ∼ 100 K, χ ′(T ) of this
sample exhibits a small frequency dependence around Tmag.
The presence of Fe3+, a magnetic ion with different valence
state, may provide further disorder in the exchange paths.
In order to pin down the magnetic ground state, the neutron
diffraction should be required as in (MgCoNiCuZn)O.
The magnetic structure of rocksalt HEOx seems similar to
those of binary NiO or CoO. In case of CoO, structural distor-
tion to a monoclinic structure is seen below TN23, accompa-
nied by complex magnetic propagation vectors24. The neutron
diffraction of (MgCoNiCuZn)O did not show a clear structural
distortion at low temperatures, but high-resolution diffraction
measurements may be required to clarify the low-temperature
crystal structure.
Despite the seemingly similar magnetic properties with bi-
nary rocksalt oxides, the magnetic transition temperatures are
substantially reduced in the HEOx. This could be understood
as a consequence of diluted magnetic ions compared with the
binary systems. In addition, HEOx have randomly distributed
cations in the FCC lattice, and the different or like-magnetic
ions are located next to each other where the magnitude, and
even sign, of magnetic exchanges can vary depending on the
pairs. This should result in randomly distributed strengths of
magnetic exchanges. The presence of magnetic order with a
clear cusp in χ(T ) is rather surprising in such a structurally
and magnetically randomized system, and is worthy for fur-
ther investigations. Furthermore, the magnetism of HEOx
may provide novel functions as in the recent developments
of electric or chemical properties. For example, combined
with the colossal dielectric properties, magnetic control of di-
electric properties may be realized through magnetodielectric
coupling.
In conclusion, the magnetic properties of rocksalt-type
HEOx were studied by magnetic and thermodynamic mea-
surements. The prototype material (MgCoNiCuZn)O was
found to display a long-range magnetic order in spite of the
structural disorder of randomly distributed magnetic ions.
This agrees with ref.14. The magnetic ground states can be
tuned by chemical substitutions. The presence of magnetic or-
der in rocksalt-type HEOx is not only fundamentally intrigu-
ing, but we expect that it potentially leads to novel magnetic
functions as in the recently-discovered functions of HEOx.
We also presume that similar magnetic properties can be real-
ized in HEOx with different structural motifs.
During the preparation of this manuscript, we noticed a re-
lated work which gave a similar conclusion to this work25.
We thank G. Jackeli and A. Smerald for discussions. This
work was partly supported by the Alexander von Hum-
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istry for transition-metal oxides”, and CNRS-Energy pro-
gram, 2017.
5REFERENCES
1J.-W. Yeh, S.-K. Chen, S.-J. Lin, J.-Y. Gan, T.-S. Chin, T.-T. Shun, C.-H.
Tsau, and S.-Y. Chang, Advanced Engineering Materials 6, 299 (2004).
2C. M. Rost, E. Sachet, T. Borman, A. Moballegh, E. C. Dickey, D. Hou,
J. L. Jones, S. Curtarolo, and J.-P. Maria, Nature Communications 6, 8485
(2015).
3S. Jiang, T. Hu, J. Gild, N. Zhou, J. Nie, M. Qin, T. Harrington, K. Vecchio,
and J. Luo, Scripta Materialia 142, 116 (2018).
4K. Chen, X. Pei, L. Tang, H. Cheng, Z. Li, C. Li, X. Zhang, and L. An,
Journal of the European Ceramic Society 38, 4161 (2018).
5J. Gild, Y. Zhang, T. Harrington, S. Jiang, T. Hu, M. C. Quinn, W. M. Mel-
lor, N. Zhou, K. Vecchio, and J. Luo, Scientific Reports 6, 37946 (2016).
6J. Zhou, J. Zhang, F. Zhang, B. Niu, L. Lei, and W. Wang, Ceramics Inter-
national 44, 22014 (2018).
7G. N. Kotsonis, C. M. Rost, D. T. Harris, and J.-P. Maria, MRS Communi-
cations 8, 1371 (2018).
8M. Biesuz, L. Spiridigliozzi, G. Dell’Agli, M. Bortolotti, and V. M. Sglavo,
J Mater Sci 53, 8074 (2018).
9A. Sarkar, R. Djenadic, N. J. Usharani, K. P. Sanghvi, V. S. K. Chakravad-
hanula, A. S. Gandhi, H. Hahn, and S. S. Bhattacharya, Journal of the
European Ceramic Society 37, 747 (2017).
10D. Bérardan, S. Franger, D. Dragoe, A. K. Meena, and N. Dragoe, Phys.
Status Solidi RRL 10, 328 (2016).
11D. Bérardan, S. Franger, A. K. Meena, and N. Dragoe, J. Mater. Chem. A
4, 9536 (2016).
12A. Sarkar, L. Velasco, D. Wang, Q. Wang, G. Talasila, L. d. Biasi, C. Kü-
bel, T. Brezesinski, S. S. Bhattacharya, H. Hahn, and B. Breitung, Nature
Communications 9, 3400 (2018).
13N. Qiu, H. Chen, Z. Yang, S. Sun, Y. Wang, and Y. Cui, Journal of Alloys
and Compounds 777, 767 (2019).
14P. B. Meisenheimer, T. J. Kratofil, and J. T. Heron, Scientific Reports 7,
13344 (2017).
15J. Rodríguez-Carvajal, Physica B: Condensed Matter 192, 55 (1993).
16P. Brown, International Tables for Crystallography, edited by A. J. C. Wil-
son C, 391 (1995).
17D. Berardan, A. K. Meena, S. Franger, C. Herrero, and N. Dragoe, Journal
of Alloys and Compounds 704, 693 (2017).
18Z. Rak, C. M. Rost, M. Lim, P. Sarker, C. Toher, S. Curtarolo, J.-P. Maria,
and D. W. Brenner, Journal of Applied Physics 120, 095105 (2016).
19J. Kanamori, Prog. Theor. Phys. 17, 177 (1957).
20S. J. Payne, M. E. Hagen, and M. J. Harris, J. Phys.: Condens. Matter 8,
91 (1996).
21S. J. Payne, M. J. Harris, M. E. Hagen, and M. T. Dove, Journal of Physics:
Condensed Matter 9, 2423 (1997).
22W. L. Roth, Phys. Rev. 110, 1333 (1958).
23W. Jauch, M. Reehuis, H. J. Bleif, F. Kubanek, and P. Pattison, Phys. Rev.
B 64, 052102 (2001).
24K. Tomiyasu, T. Inami, and N. Ikeda, Phys. Rev. B 70, 184411 (2004).
25Junjie Zhang, Jiaqiang Yan, Stuart Calder, Qiang Zheng, Douglas Aber-
nathy, Yang Ren, Saul Lapidus, Katharine Page, Hong Zheng, John D Bu-
dai, and Raphael Pierre Hermann, in Bulletin of the American Physical
Society (APS -85th Annual Meeting of the APS Southeastern Sect., 2018).
